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ABSTRACT
Wallace, J.S., Roberts, J.M. and Sivakumar, M.V.K., 1990. The estimation o f transpiration from 
sparse dryland millet using stomatal conductance and vegetation area indices. Agric. For. Me- 
teorol., 51: 35-49.
The stomatal conductances of the leaves and panicles o f a sparse dryland millet crop grownfat 
ICRISAT Sahelian Center, Sadore, in southwest Niger were measured using a diffusion porometer 
and an infrared gas analyser, respectively. Leaf conductances were found to be high, up to 12 mm 
s"1 or 480 mmol m-2 s“ \ and varied according to the leaf surface, age and position in the canopy. 
These data were combined with measurements o f leaf area index to calculate canopy conductance. 
Because of the low leaf area (maximum 1.3), canopy conductances were low and varied both 
diurnally and seasonally. Transpiration was calculated using the above canopy conductance values 
using the Penman-Monteith and Shuttleworth-Wallace models. In comparison to the Shuttle- 
worth-Wallace model, it was found that the Penman-Monteith equation underestimated tran­
spiration when the soil was dry and overestimated it when the soil was wet. These differences in 
transpiration arise because o f the modification o f the in-canopy vapour pressure deficit caused by 
heat and water vapour fluxes from the soil, a mechanism which is only present in the Shuttle- 
worth-Wallace model.
INTRODUCTION
Dryland crop yields in the semi-arid regions of Africa are poor and variable 
as a result of the erratic and low rainfall. However, within a given season, 
differences in yield may occur according to the proportion of the rainfall used 
by the crop in transpiration. Therefore, in order to fully understand differences 
in crop growth and to develop production systems for yield maximization, it is 
necessary to know the amount of transpiration from a crop. Transpiration can 
be deduced from total evaporation if soil evaporation is known (e.g. see Cooper 
et al., 1983; Allen, 1990). Alternatively, transpiration can be estimated more 
directly from measurements of stomatal conductance and leaf area index, which
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give a measure of the conductance of the entire canopy. This canopy conduc­
tance can then be used with weather data in a combination equation, such as 
that of Monteith (1965), to deduce transpiration. However, this combination 
equation was derived for use in complete, closed canopies with no soil evapo­
ration and is not necessarily applicable to sparse canopies where substantial 
fluxes of heat and water vapour can arise at the soil surface (Shuttleworth and 
Wallace, 1985; Choudhury and Monteith, 1988).
This paper presents some measurements of stomatal conductance in a sparse 
dryland millet grown in the hot, semi-arid environment of south-west Niger. 
The diurnal behaviour and relative values of the different leaves and panicles 
are illustrated. Canopy conductances were computed from these measure­
ments and transpiration was calculated using the two different versions of the 
combination equation given by Monteith (1965) and Shuttleworth and Wallace 
(1985).
MATERIALS AND METHODS 
Site, crop and season
The site was at Sadore (13°15'N; 2°17'E), the experimental farm of the 
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) 
Sahelian Center, located 45 km south of Niamey, Niger. Further details are 
given by Shuttleworth et al. (1988). The crop studied was millet (Pennisetum 
americanum cv. ‘CIVT’ ) which was planted in rows 0.75 m apart and thinned 
to a density of 30 000 plants ha-1. The soil was Daybou sand about 2-3 m deep 
over laterite gravel (see West et al., 1984)?
The climate of the site is typical of the southern edge of the Sahelian zone 
with summer rainfall and high temperatures throughout the year. Annual po­
tential evaporation of 2046 mm at Niamey is nearly four times the mean an­
nual rainfall of 562 mm (Sivakumar, 1987). In 1986 rainfall was about 10% 
above average and in 1987 the rains were very late and 20% below average.
Stomatal conductance
Stomatal conductance of the leaves was measured with an automatic diffu­
sion porometer (AP3, Delta-T Devices, Cambridge, U.K.)1 on 5 days in 1986 
and 2 days in 1987. On each day stomatal conductance measurements were 
made at 2-h intervals, between dawn and dusk, on all the green leaves on five 
randomly selected plants. When the number of leaves per plant exceeded six, 
measurements were made on alternate leaves along the stems. Measurements
*Trade names aie included for the benefit of the reader and imply no endorsement or preferential 
treatment of the products used by the Institute of Hydrology or ICRISAT.
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were made on both leaf surfaces about half-way along the leaves. Before each 
set of measurements the porometer was switched on and allowed to equilibrate 
in the shade for 10 min with the sensor head attached to the calibration plate. 
The porometer was recalibrated after every run.
After the panicles had emerged, their conductances were measured using an 
infrared gas analyser (model LCA2, The Analytical Development Co. Ltd., 
U.K.). Measurements were made mid-way along five panicles selected to rep­
resent the panicle age distribution found in the crop on any particular day. To 
check for any instrumental differences in the conductances measured using 
the IRGA and the diffusion porometer both instruments were used to measure 
leaf stomatal conductances on a number of days and no large systematic in­
strumental bias was observed.
Canopy conductance
Canopy conductance (#£) was calculated from stomatal (gs) and panicle 
(gp) conductances using the formula
g ' =  ( 7 - r 1) =  JrPA/-&  +  X i A / i t e ? i + ^ i }  (1 )
i
where: rt is the canopy resistance; LAIt is the area index of a given leaf; and 
are the stomatal conductances of its upper and lower sufaces; and PAI is 
the projected area index of the panicle. Leaf area indices were measured using 
samples_takerLevery_7-10. days,.the projected foliage area index being measured 
using a leaf area meter (Li-3100, Li-COR Inc., U.S.A.). Panicle area indices 
were calculated from measurements of seed head length, diameter and number 
per unit ground area.
Transpiration
Two methods were used to calculate transpiration. Firstly, the Monteith 
version of the Penman equation (Monteith, 1965) was used to calculate tran­
spiration from the millet canopy (Ec). The equation has been modified so that 
the energy available for transpiration is given by the difference between the 
available radiative energy above the crop, A, and the available energy at the 
soil surface, As. This gives an equation of the form
A£' = ^ i T 7 7 (2)A + y {l+  (rg/ra)}
where: cp is the specific heat of air at constant pressure; ra is the aerodynamic 
resistance; D is the vapour pressure deficit; A is the rate of change of saturated 
vapour pressure with temperature; A is the latent heat of vaporization of water;
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p is the density of air; and y is the psychrometric constant. The available energy 
at the soil surface, As, is given by
Aa=Rn — G (3)
where Rsn is the net radiation at the soil surface, and G is the flux of heat in the 
soil. The net radiation below the crop canopy was measured using four tube 
net radiometers (Type TRL, Delta-T Devices, Cambridge, U.K.) mounted 15- 
20 cm above the soil surface. The radiometers were placed such that each trav­
ersed one row of the crop. A fifth tube net radiometer was mounted above the 
crop at 4.5 m at the same orientation as those below the canopy. From these 
measurements of net radiation above and below the millet crop, it was found 
that Rn could be calculated using a Beer’s Law relationship of the form
Rsn=R nexip {-K n(LA I+P A I)} (4)
where Rn is the net radiation measured above the crop canopy, and Kn is the 
extinction coefficient for net radiation with a mean value of 0.41. Hourly values 
of the soil heat flux G were measured using five heat flux plates (Thomwaite 
Associates, U.S.A.) buried 5 mm below the surface diagonally from one ridge 
to the next ridge. With flux plates at this shallow depth, errors in soil heat flux 
owing to changes in heat storage above the plates is small (<  10%) and, there­
fore, no corrections were made to the recorded values.
The second method for calculating XEC is that derived for sparse crops by 
Shuttleworth and Wallace (1985). To maintain consistency with that paper 
we chose to use resistances rather than conductances, in which case the total 
evaporation from soil plus plants, XE, is given by
CcPMc H=-CgP-Mg- -(-5)
where PMC and PMS are terms each similar to the Penman-Monteith combi­
nation equations which would apply to evaporation from a closed canopy and 
from bare soil, respectively. They have the form
PM - AA+  +  ,
A +  y{l +  rt/{r%+rl)} {b)
P M  A A  +  { p C y D - A r l { A - A &) } / ( r l + r l )
A + y {l+ r l/ (n  +  rl) }  U}
The coefficients Cc and Cs are given by the expressions
Cc= {l+ i?c£a/fls(i?c+.Ra) } -1 (8)
and
Cs= { l+ R sRJRc(Rs+R a)} 1 
where:
( 9 )
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Ra= (A + y )r l  (10)
ft^ {A +y)rl+yr%  (11)
Rc=(A + y)rt+yn (12)
A fall description of the terms is given by Shuttleworth and Wallace (1985). 
The aerodynamic resistances associated with the soil, canopy and air above 
the crop (r®, r| and r|, respectively) were calculated from crop height, wind- 
speed and leaf area index according to the formulae given by Shuttleworth and 
Wallace (1985). When using the modified Penman-Monteith formulae, eqn. 
(2), the aerodynamic resistance ra was calculated as the sum r% +  r%.
When both soil and canopy evaporation occur, eqn. (5) provides a descrip­
tion of the total evaporation XE. To obtain the component fluxes from the 
canopy, XEC, and the soil XES, it is necessary to compute D0, the in canopy 
vapour pressure deficit, following Shuttleworth and Wallace (1985),
D0= D + {M -(A + y )X E )r i/ p cp (13)
XEC and XEB can now be calculated from separate combination equations
<14>A + y {l+ r cJ ri)
and
in AA^ ~\~pCrtD0/ra /-tr\
^ A + y d + r l / r D  (15)
In practice we do not have a direct measure of r| however, soil evaporation, 
XES, was measured using microlysimeters (further details are given in Wallace 
et al., 1990) and this was used to calculate rj. The computational sequence 
used to obtain transpiration was then as follows. An arbitrary value of rs was 
chosen and total evaporation XE, calculated using eqn. (5). XE was then sub­
stituted into eqn. (13) to give D0 and XES calculated using eqn. (15).The com­
puted and measured values of XES v^ e^ e then compared and adjusted and the 
above calculation repeated until they-agreed. The resultant value of D0 was 
then substituted into eqn. (14) to give the desired value of transpiration, XEC.
The hourly weather data, required for the above calculations were recorded 
using an automatic weather station described by Strangeways (1972), with a 
modified wet and dry bulb assembly to allow thermometers to be continuously 
aspirated.
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RESULTS
Leaf and panicle conductances
Figure 1 shows a plot of the hourly mean stomatal conductances of the upper 
and lower leaf surfaces. No clear relationship existed between the upper and 
lower surface conductances of individual leaves so the data in Fig. 1 are for a 
complete range of leaf ages occurring throughout a mature canopy and indicate 
that, on average, the conductances of the upper leaf surfaces were about 25% 
lower than those of the lower leaf surfaces.
Leaves of different age and position in the canopy also had different sto­
matal conductances. This is illustrated in Fig. 2 which shows the diurnal vari­
ation in the total stomatal conductance (sum of adaxial and abaxial conduc­
tances) of all the green leaves in the canopy before anthesis. Conductances 
measured during the morning, reached 12 mm s-1 or 480 mmol m-2 s-1 just 
after midday and declined again in the afternoon. Maximum conductances 
were observed in the middle part of the canopy, where the youngest fully ex­
panded leaves occurred. This pattern of conductances within the canopy also
(mm s '1)
Fig. 1. A plot of the hourly mean stomatal conductances of the upper (#“ ) and lower surfaces 
of millet leaves of various ages throughout the canopy. Data are from measurements made on two 
days, 21 and 27 August 1986.
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Fig. 2. Diurnal variation in the stomatal conductances o f the leaves in a millet crop before anthesis; 
9 July 1986.
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Fig. 3. Diurnal variation in the conductance of the panicle ( o ... o ) compared with the mean of the 
leaf conductances (•— •) on (a) 26 August 1987 and (b) 2 September 1987.
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occurred in the fully developed crop after anthesis, although the values of con­
ductance were slightly lower than before.
Once the panicle has emerged it is necessary to know the contribution it 
makes to the total conductance of the canopy and hence to transpiration. Fig­
ure 3 shows an example of the diurnal variation' in the conductance of the 
panicle in comparison to the mean conductance of all the green leaves in the 
canopy on two days in 1987. Panicle conductances were very similar to leaf 
conductances on 26 August 1987. In contrast, later in the season, panicle con­
ductances were lower than leaf conductances, presumably owing to the effects 
of senescence on the panicles.
Canopy conductance and vegetation area indices
Figure 4 shows the total conductance o f the entire millet canopy, calculated 
using eqn. (1), for a number of days during the 1986 season. Early in the season 
on 2 July, canopy conductances were very low even though the stomatal con­
ductances were comparatively high (around 7 mm s-1 ). This was, of course, 
owing to the very low leaf area index at that time, only 0.23. Leaf area increased
1 w
Hours (GMT)
Fig. 4. The diurnal variation in canopy conductances at (a) the beginning o f the season (2 July 
1986, LAJ= 0.23), 0 ....0 , (b) mid-season (18 July 1986, LAI=  1.3), ■ - -■  and (c) end of the 
season (27 August 1986, LA 1=  0.26), •--------•.
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rapidly during July and so by 18 July canopy conductances had increased sub­
stantially reaching 12 mm s-1, even though the leaf area index was still only a 
modest 1.3. As green leaf area decreased later in the season, canopy conduc­
tances also decreased so that by 27 August, canopy conductances were more 
like those observed at the beginning of the season.
Towards the end of the season the canopy conductance contained a contri­
bution from the panicle. However, the maximum panicle area index measured 
was only 0.06, so the panicle contribution to the canopy conductance was very 
small and only became significant at the end of the season when the leaf area 
was very low. For example, on 27 August 1986 the leaf area index was 0.26 and 
the canopy conductance data for this day (see Fig. 4) includes a contribution 
of 20% from the panicle.
Transpiration
Figure 5 shows the transpiration from the millet crop on three days at dif­
ferent times of the 1986 season calculated using the Shuttleworth-Wallace 
(1985) model. On all three days the Penman potential evaporation was very 
similar, between 5.5 and 6.0 mm, but transpiration varied widely. Early in the 
season on 2 July, transpiration rates only reached a maximum of 0.1 mm h” 1 
around midday with a total of 0.9 mm for the entire day. Transpiration rates 
were much higher on 18 July reaching over 0.4 mm h " 1 and giving a total loss 
for the day of 3.5 mm. Towards the end of the season, as the crop senesced, 
transpiration rates declined again to values similar to those observed at the 
beginning of the season!.....
The difference between the transpiration values shown in Fig. 5 and those 
obtained using the Penman-Monteith equation (eqn. (2))  are shown in Fig. 
6. These data illustrate that for the dry soil conditions prevailing on 2 July, 
the Penman-Monteith equation gave transpiration values around mid-day 
which were about 20% lower than those obtained with the Shuttleworth-Wal­
lace model. The effect was smaller later in the season (e.g. 3% on 18 July and 
14% on 27 August), since it is dependent on the crop height (which affects the 
aerodynamic resistance), canopy conductance and soil wetness. Figure 7 illus­
trates how the differences in calculating transpiration depend on leaf area (and 
hence canopy conductance) and soil wetness. The ratio shown is that between 
the value of transpiration calculated using the Penman-Monteith equation 
and the Shuttleworth-Wallace equation. The example shown is for a fully grown 
millet crop under ‘typical’ midday conditions in southern Niger, i.e. net radia- 
tion=400 W m-2, vapour pressure deficit=25 mb, temperature= 3 0 0C and 
windspeed=2 m s-1. The net radiation intercepted by the canopy, surface and 
aerodynamic resistances are identical in both models. In high leaf area cano­
pies the differences between the values of transpiration calculated using the 
two formulations is minimal. However, in sparse canopies, there are sizeable
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Hours (GMT)
Fig. 5. Transpiration rates from millet on three different days during the 1986 season, 2 Julv (. ) 
18 July (— ) and 27 August (------ ).
Hours (GMT)
Fig. 6. A comparison o f transpiration rates calculated using the Penman-Monteith (— ) and Shut-
tleworth-Wallace equations (------ ). Data are for 2 July 1986 when the leaf area index was 0.23
and the crop height was 0.56 m.
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Fig. 7. Change in the ratio o f transpiration calculated using the Penman-Monteith and Shuttle­
worth-Wallace equations, E T (P -M )/E T (S -W ) with soil surface resistance. The three different 
lines are for a 2.5 m high crop with leaf area indices o f 0.2, 1.0 and 4.0 under typical mid-day 
conditions.
systematic ■differences'inrcalculated values of transpiration, with Penman- 
Monteith estimates higher than Shuttleworth-Wallace values when the soil is 
wet and vice versa in dry soil.
DISCUSSION
The values of leaf stomatal conductance found in the present study are sim­
ilar to those reported in other studies of millet. For example, the observation 
of higher stomatal conductances on the lower leaf surfaces agrees with data 
reported by Squire et al. (1984) for irrigated millet grown during the dry season 
in India. In the present study the upper leaf surfaces were at least as well illu­
minated, and probably under higher insolation than the lower leaf surfaces, so 
the above result may be caused by lower stomatal density on the upper leaf 
surfaces, which has been observed in some grass species (e.g. barley and maize, 
see Meidner and Mansfield, 1968). Whatever the cause, it is important when 
estimating total canopy conductance, to measure the stomatal conductance of 
both leaf surfaces, since measurements on only one surface would bias the 
resultant canopy conductance, e.g. by 14% in the present study.
The values of total leaf conductance were quite high, up to 12 mm s""1 or 480
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mmol m~2 s-1, however, these values were recorded during the 1986 season 
when the rainfall was above average and hence the plants would not have been 
subjected to any high degree of moisture stress. However, millet has been re­
ported to have the highest leaf conductances of all the C3 and C4 grasses (Komer 
et al., 1979), and has a physiological strategy which tends to maximize pho­
tosynthesis rather than to minimize water loss (Henson et al., 1982).
In the present study, maximum leaf conductances occurred at mid-canopy 
level rather than in the uppermost leaves. Azam-Ali (1983) reported similar 
values of leaf conductance and also found maximum conductances in the mid­
canopy layers of his sparse millet crop. However, in much denser millet crops, 
Henson et al. (1982) and Squire (1979) found the highest conductances at the 
top of the canopy. They also reported that the greatest sensitivity to atmos­
pheric humidity was in the mid-canopy layer and that conductances varied 
with soil moisture (via irrigation). Clearly the exact pattern of in-canopy sto­
matal conductances will be determined by canopy density, weather and soil 
conditions.
Despite the high values of stomatal conductance, total canopy conductances 
were low because of the low leaf area index of the millet crop. In a sparse crop 
of similar leaf area index, ODA (1982) found similar values of canopy conduc­
tance which were linearly related to daily transpiration (also reported by Azam- 
Ali (1983)). However, at the same canopy conductance, daily transpiration 
calculated in the present study was about 50% higher than those predicted by 
Azam-Ali’s relation between conductance and transpiration. This difference 
could have been caused by the higher evaporative demand during the present 
study (pan evaporation approximately 8 mm day-1 ) compared with that dur­
ing the dry season when Azam-Ali’s measurements were made (i.e. pan evap-_ 
oration 5-6 mm day-1 ).
Systematic differences were shown to occur when calculating transpiration 
by the Penman-Monteith and Shuttleworth-Wallace methods. Table 1 sum­
marizes the limits of this effect in completely wet and completely dry soil, for 
a crop with a leaf area index of 1.0 under ‘typical’ midday conditions in south­
ern Niger. The effect is larger when the crop is short because it has a lower 
aerodynamic resistance. The mechanism by which these differences in tran­
spiration occur is via the modification of the in-canopy vapour pressure deficit 
(D0) owing to heat and vapour fluxes from the soil. Table 1 also shows the 
difference in the values of D0 implicit in the two methods. When the soil is dry 
the Penman-Monteith equation has a smaller value of D0 than the Shuttle- 
worth-Wallace model, hence calculated transpiration is less using the Pen­
man-Monteith equation. In wet soil, the reverse occurs, with the Penman- 
Monteith equation giving higher values of D0 and transpiration than the Shut­
tleworth-Wallace model. The magnitude of this effect is greatest when leaf 
area index is low (e.g. see Fig. 7) because the amount of energy transfer at the 
soil surface, and hence the degree to which D0 is modified, is largest. The mech-
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TABLE 1
The ratio (PM /SW ) of transpiration calculated using the Penman-Monteith and the Shuttle­
worth-Wallace models under the limiting conditions of completely wet and completely dry soil. 
Also shown is the change in in-canopy vapour pressure deficit, AD0 associated with changing from 
the Penman-Monteith to the Shuttleworth-Wallace models
Crop height
(m)
Wet soil Dry soil
PM/SW JD0(mbar) PM/SW JD0(mbar)
0.1 1.23 -2 .8 0.61 +9.6
0.5 1.18 -2 .7 0.69 +  7.9
1.0 1.15 -2 .5 0.74 +6.7
2.0 1.11 -2 .2 0.82 +  4.9
3.0 1.08 -1 .8 0.87 +  3.5
anism which allows for modification of D0 owing to heat and water vapour 
fluxes from the soil is present in the Shuttleworth-Wallace model and not in 
the Penman-Monteith equation or any derivative of it which simply adds on 
the soil evaporation (e.g. Ritchie, 1972).
CONCLUSIONS
The data presented here show that for a given set of climate and soil condi­
tions, stomatal conductances in a stand of millet vary considerably with leaf 
surfaceTagearid position in the"canopy. When estimating canopy conductance, 
it is therefore important to sample the canopy carefully in order to avoid sys­
tematic bias in the results. Furthermore, when the panicles are present, they 
only contribute significantly to the canopy conductance (and hence the total 
transpiration) at the very end of the season when the leaves are mostly se- 
nesced. Stomatal and canopy conductances also vary with weather and soil 
conditions, but since the climate of the region is comparatively ‘constant’ sea­
sonal changes in transpiration are dominated by leaf area index via its effect 
on canopy conductance and radiation interception.
In sparse crops, the use of the Penman-Monteith equation ignores the fluxes 
of heat and water vapour which arise from the soil. It has been demonstrated 
that these fluxes can significantly effect the canopy vapour pressure deficit 
and hence transpiration, especially at the beginning of the season when the 
crop is short and has a very low leaf area. The Shuttleworth-Wallace model 
may provide an improved description of sparse canopy transpiration, but has 
the disadvantage that it requires a knowledge of soil surface resistance (or soil 
evaporation). Soil evaporation can constitute a substantial (and sometimes 
dominant) portion of the total evaporative loss in sparse crops (Cooper et al., 
1983; Wallace et al., 1988) and cannot be ignored in the water balance. Soil
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evaporation also has an effect on crop growth since it constitutes a direct loss 
of water which may otherwise have been available for transpiration. On the 
other hand, soil evaporation is not entirely a loss, since the lowering of the in­
canopy vapour pressure deficit it produces can increase the water-use effi­
ciency of the crop. This is because the amount of dry matter produced per unit 
of water transpired is inversely related to vapour pressure deficit (e.g. see Mon­
teith, 1986). Again the Shuttleworth-Wallace model provides a means of as­
sessing the effects of soil evaporation on transpiration and growth.
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